Influenza A/California/4/2009 (H1N1/09) is a recently emerged influenza virus capable of causing serious illness or death in otherwise healthy individuals. Serious outcomes were most common in young adults and children, suggesting that pre-existing heterologous immunity may influence the severity of infection. Using tetramers, we identified CD4 + T-cell epitopes within H1N1/09 hemagglutinin (HA) that share extensive homology with seasonal influenza and epitopes that are unique to H1N1/09 HA. Ex vivo tetramer staining revealed that T cells specific for conserved epitopes were detectable within the memory compartment, whereas T cells specific for unique epitopes were naive and infrequent prior to infection or vaccination. Following infection, the frequencies of T cells specific for unique epitopes were 11-fold higher, reaching levels comparable to those of T cells specific for immunodominant epitopes. In contrast, the frequencies of T cells specific for conserved epitopes were only 2-to 3-fold higher following infection. In general, H1HA-reactive T cells exhibited a memory phenotype, expressed CXCR3 and secreted IFN-γ, indicating a predominantly T h 1-polarized response. A similar T h 1 response was seen in vaccinated subjects, but the expansion of T cells specific for HA epitopes was comparatively modest after vaccination. Our findings indicate that CD4 + T cells recognize both strain-specific and conserved epitopes within the influenza HA protein and suggest that naive T cells specific for HA epitopes undergo significant expansion, whereas memory T cells specific for the conserved epitopes undergo more restrained expansion.
Introduction
The critical role of both humoral and cellular immunity in dictating the course of an influenza infection is most clearly highlighted by studying newly emerging influenza viruses. Epidemiologic studies have suggested that young adults and children are more vulnerable to 'novel' viral pathogens such as H1N1/1918 (1-3) and H5N1 (4) (5) (6) . Likewise, it was reported that a disproportionate number of critically ill patients infected with the newly emerged influenza A/California/4/2009 (H1N1/09) virus were young adults, children and pregnant women (7) (8) (9) . Detrimental pathogenic changes in these critically ill patients were frequently associated with elevated serum levels of pro-inflammatory cytokines and chemokines, including some known to influence the intensity of innate responses and others that mediate the development of T h 1 or T h 17 responses (10-16). These observations in patients lacking previous exposure to the virus could indicate exaggerated T-cell responses, perhaps originating from the naive compartment. A recent influenza challenge study demonstrated that CD4 + T cells appear to play multiple roles in dictating the course of influenza infection (17) . Although T-cell frequency post-challenge was positively correlated with influenza viral shedding and symptoms, pre-existing CD4 + T-cell immunity against internal proteins was inversely correlated with viral shedding and symptoms. However, much of that study focused on crossreactivity between epitopes from the conserved matrix protein (M1) and nucleoproteins (NP). As such, a targeted study of CD4 + immunity directed against the more poorly conserved influenza hemagglutinin (HA) protein is warranted.
CD4 + T-cell responses to 2009 H1N1 influenza
Cellular immunity to influenza viruses in adults is typically a memory response. There is diversity among influenza strains and most individuals have been exposed to multiple strains via natural infection and vaccination. Seasonal antigenic drift introduces some amino acid mutations, but these are not necessarily significant enough to generate novel T-cell epitopes. As a result, HLA class II-restricted CD4 + T-cell epitopes identified in previous influenza viruses are often present as identical or highly homologous sequences in newly emerging influenza strains. The recent influenza H1N1/09 virus is a re-assortment of swine, human and avian influenza strains. In particular, its re-assorted HA is of both swine and human origin (18, 19) . Despite having considerable sequence homology to previously circulating strains (e.g. 78% homology with influenza A/Brisbane/59/2007), the HA1 domain of the H1N1/09 HA protein contains several discrete regions of lower homology. We hypothesized that these low-homology regions contain T-cell epitopes unique to H1N1/09 and that the dynamics of CD4 + T-cell responses against these unique HA epitopes following vaccination or influenza infection would differ from those of memory T cells recognizing conserved epitopes present within this newly circulating strain.
In this study, we utilized the Tetramer Guided Epitope Mapping (TGEM) (20) approach to identify CD4 + T-cell epitopes within the HA protein of the H1N1/09 virus restricted by a few common HLA-DR types. As expected, we observed novel HA epitopes that were unique to the H1N1/09 virus and conserved epitopes present within multiple strains. Using our recently described ex vivo HLA class II tetramer enrichment approach, we directly measured the frequencies of HA-specific T cells in subjects who had no exposure to this novel influenza strain, in subjects who had recently recovered from infection by the H1N1/09 virus and in subjects who received the influenza vaccine. These tools enabled us to compare the frequencies and phenotypes of T cells that recognized conserved HA epitopes with those that recognize unique HA epitopes.
Methods

Patient and vaccination subject recruitment and HLA-DR typing
For epitope mapping studies, a group of 27 subjects with no influenza symptoms was recruited. In addition, we studied eight subjects who had received one dose of either the injected Influenza A (H1N1) 2009 Monovalent Vaccine (Sanofi Pasteur) or the Influenza A (H1N1) 2009 Monovalent Vaccine (MedImmune) live attenuated vaccine and seven more subjects who had received the trivalent seasonal influenza vaccine (Fluzone, Sanofi Pasteur). These subjects were 25-56 years of age (average age = 39 ± 10 years). In addition, we studied seven patients with H1N1/09 infection (diagnosis based on clinical symptoms and confirmed by detection of H1N1/09 viral RNA in nasopharyngeal aspirates by realtime reverse transcription-PCR with protocols, probes, primers and reagents approved by Centers for Disease Control and Prevention) recruited from the Virginia Mason Medical Center, Seattle, WA, USA. These naturally infected patients were 21-54 years of age (average age = 41 ± 11 years). All subjects were recruited with informed consent under a study that had been approved by the Benaroya Research Institute Institutional Review Board. For each subject, HLA-DR was typed by PCR amplification with sequence-specific primers followed by second round high-resolution typing using Dynal Unitray SSP Kits according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). HLA information for all subjects is summarized in Supplementary Table 1, available at International Immunology Online.
Fluorescent antibodies, tetramer reagents and peptides
The fluorescent antibodies used in this study were obtained from eBioscience (San Diego, CA, USA), BD Biosciences (San Jose, CA, USA) and BioLegend (San Diego, CA, USA). MHC class II tetramer reagents were generated as previously described (21) . Briefly, 'empty' HLA-DR proteins were expressed and purified from insect cell culture supernatants. Following in vitro biotinylation, class II monomers were loaded with either peptide pools or individual peptides by incubating for 48 h at 37°C with 25-fold molar excess of peptide (total) in phosphate buffer, pH 6.0 in the presence of 0.2% n-octyld-glucopyranoside. Tetramers were formed by incubating class II molecules with PE-labeled streptavidin for 6-18 h at room temperature at a molar ratio of 8:1. A peptide library was generated based on the HA sequence of H1N1/09-like virus (accession: ACQ76318), a strain used by manufacturers for vaccine development. The library consisted of 70 peptides, each 20 amino acids long (except the last peptide, which was 14 amino acids long), with a 12 amino acid overlap. The peptide library was purchased from Mimotopes (Clayton, Australia).
HLA-DR-restricted HA epitope identification and ex vivo epitope-specific T-cell analysis
HLA-DR-restricted epitopes were identified by stimulating CD4 + T cells with 14 pools of overlapping peptides (one peptide pool per well) representing the H1N1/09 HA protein and staining with the corresponding class II tetramers, using our previously described methodology (20, 21) . Briefly, after 14 days of in vitro stimulation, 100 µl of cell suspension from each well (100 000-250 000 cells) was stained using 2 µl of peptide pool-loaded tetramer (10 µg ml -1 final) at 37°C for 1-2 h and then stained with antibodies (5 µl of anti-CD3-FITC, anti-CD4-PerCP and anti-CD25-APC) at room temperature for 10 min. Cells were washed once in 1 ml of PBS and analyzed using a FACS Calibur (BD Biosciences). Pools that gave positive staining were decoded by staining another 100 µl of cell suspension using tetramers loaded with the corresponding individual peptides.
To analyze epitope-specific T cells ex vivo, 30-50 million peripheral blood mononuclear cells (PBMCs) per epitope in 1 ml T-cell culture medium were treated with Dasatinib (22) for 10 min at 37°C followed by staining with 20 µl of tetramer at room temperature for 2 h. After tetramer staining, a 1/100th fraction of the cells was removed and reserved for counting to estimate the total number of cells used in the tetramer enrichment assay. The remaining cells were labeled with anti-PE magnetic beads and enriched using a magnetic 
Cytokine profile analysis of antigen-specific CD4 + T cells
Antigen-specific CD4 + T-cell lines were generated by stimulating PBMCs with selected HA peptides in vitro for 14 days. After verifying that at least 2% of the CD4 + T cells were tetramer positive, the cells were collected, re-suspended in T-cell culture medium containing 5 µg ml 1 anti-CD28 and 1 µg ml 1 anti-CD49d and seeded into a flat-bottom 96-well plate (0.25 × 10 6 cells in 100 µl per well) coated with MHC class II tetramer loaded with the stimulatory peptide or an irrelevant peptide (negative control well). Twenty-four hours later, supernatants from each well were collected and frozen at −80˚C. After a series of samples had been collected, cytokines were assayed using an MSD T h 1/T h 2 7-plex plate and read on a Sector Imager-2400 (Meso Scale Discovery, Gaithersburg, MD, USA).
Results
Identification of epitopes unique to H1N1/09 HA
The first objective of this study was to identify epitopes within the H1N1/09 HA proteins that are recognized by CD4 + T cells. Among all influenza antigens, HA is the most diversified. Sequence alignment analysis [NCBI, specialized BLAST multiple sequence analysis using BLAST (bl2seq)] indicated that the H1N1/09 HA protein (accession: ACQ76318) has a maximum of 79% sequence identity to the HA proteins of previously circulated H1N1 influenza viruses (influenza A/ Brisbane/59/2007, accession: ADE28750) and that the lowhomology regions mainly lie within the HA1 subunit. H1N1/09 HA epitopes restricted by multiple HLA-DR alleles (HLA-DRB1*01:01, *04:01, *04:04, *07:01, *11:01, *15:01 and HLA-DRB5*01:01-abbreviated as DR0101, DR0401, DR0404, DR0701, DR1101, DR1501 and DRB5) were investigated using the TGEM approach. For each HLA allele, 2-7 subjects were recruited between May 2009 and September 2009 for epitope identification. As summarized in Table 1 , a total of 27 antigenic peptides were identified, several of which consisted of two consecutive overlapping peptides that, based on in silico prediction, appear to share the same minimal binding register (23) .
As expected, the sequences for many of these epitopecontaining peptides were either identical or highly homologous to sequences within the HA proteins of previously circulating viruses. However, antigenic HA peptides that were unique to the H1N1/09 HA protein were also identified. 
T cells that recognize unique H1N1/09 HA epitopes are naive before exposure
We first measured the frequency and phenotype of H1N1/09 HA-specific T-cell responses in recruited subjects who were self-reported as having no H1N1/09 exposure or symptoms of influenza infection. Because of the lack of circulation of the H1N1/09 virus in the Pacific Northwest during this phase of our study (widespread exposure did not occur until October 2009), most individuals had no exposure to the virus. Therefore, it might be expected that T cells that recognize epitopes that are unique to H1N1/09 would have a naive phenotype and occur at low frequencies in these subjects. As we recently reported for anthrax-specific T cells, the frequencies of epitope-specific T cells in the naive repertoire can be directly examined using ex vivo tetramer staining (24) . Using this approach, we investigated the frequency and phenotype of CD4 + T cells specific for the following epitopes: HA/09 265-284 (DR0401 restricted), HA/09 257-276 (DR0701 restricted) and HA/09 161-180 (DRB5 restricted). Frequencies were calculated as detailed in Methods. Naive versus memory phenotype was determined primarily by surface CD45RA staining and confirmed using additional markers, including CCR7 and CD27. For comparative purposes, the frequency and phenotype of CD4 + T cells specific for the following conserved HA epitopes were also investigated in the same subjects: HA 393-412 (DR0401 restricted), HA [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] (DR0701 restricted) and HA 113-132 (DRB5 restricted). As shown in Fig. 2A and B, T cells recognizing unique H1N1/09 epitopes were predominantly CD45RA + , suggesting that this population of T cells was naive. These CD45RA + T cells typically expressed CCR7 and CD27 (Supplementary Figure 1 , available at International Immunology Online), supporting the conclusion that these cells have a naive phenotype. In contrast, T cells recognizing conserved HA epitopes were predominantly CD45RA-, suggesting a memory + T-cell responses to 2009 H1N1 influenza phenotype, most likely generated as a result of previous vaccination and/or infection. These data suggest that the non-homologous H1N1/09 peptides in our panel represent unique epitopes that are not present in widely circulated influenza A viruses. Figure 2C summarizes the frequencies of HA-specific T cells that recognize unique or conserved epitopes. Surprisingly, the frequency of T cells specific for one of the unique epitopes (HA/09 257-276 , 20 ± 10 per million) was similar to the frequency of T cells specific for conserved epitopes (10 ± 5 per million for HA 393-412 , 8 ± 16 per million for HA [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] and 12 ± 4 per million for HA [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] ). The frequencies of T cells specific for the other unique epitopes were lower (4 ± 3 per million for HA/09 265-284 and 4 ± 1 per million for HA/09 161-180 ).
CD4 + T-cell responses to unique and conserved H1N1/09 HA epitopes in H1N1/09-infected subjects
If CD4
+ T cells that recognize unique H1N1/09 epitopes are immunologically relevant, the frequency and phenotype of these cells would be expected to change following exposure to virus. To investigate this, 17 subjects with laboratory confirmed H1N1/09 infection were recruited between November 2009 and January 2010; 7 of these had at least one HLA allele of interest. CD4 + T cells isolated from these seven patients were analyzed by direct ex vivo staining using tetramers loaded with four unique epitopes: DR0401-HA/09 265-284 , DR0701-HA/09 257-276 , DR1101-HA/09 161-180 and DRB5/ HA [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] [176] [177] [178] [179] [180] . Again, the frequency and phenotype of H1N1/09 HA-specific T-cell responses were examined using ex vivo tetramer staining (Fig. 3A) . As shown in Fig. 3B , three of these tetramers (DR0401-HA/09 265-284 , DR0701-HA/09 257-276 , DR1101-HA/09 161-180 ) detected high frequencies of H1N1/09-specific T cells (165 ± 66, 97 ± 20 and 76 ± 59 per million, respectively) in each of the individuals tested, whereas the fourth (DRB5-HA/09 161-180 ) detected low frequencies (<5 tetramer + T cells per million). As expected, tetramer + CD4 + T cells were CD45RA-for each of these specificities, indicating that in contrast to unexposed donors, the 
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HA-specific T cells in H1N1/09-infected subjects were antigen-experienced memory cells (Fig. 3A) .
To study the in vivo dynamics of T cells specific for unique H1N1/09 epitopes following infection, T-cell frequencies were measured in multiple subjects by direct ex vivo tetramer staining at multiple time points from 2 to 24 weeks following infection. As shown in Fig. 3C , most individuals had moderate or high early T-cell frequencies (~50-200 per million). These frequencies were stable for the first 2 months and then gradually declined (Fig. 3C) , except in Subject 5 for whom T-cell frequency declined sooner. At the end of observation, the frequency in most of the subjects was <50/10 6 (average of 32 ± 12/10 6 ) (Fig. 3C) . These frequencies were markedly higher than those of the naive T cells observed in subjects with no virus exposure (Fig. 2C) , especially at early time points after infection.
We also monitored the frequencies of T cells specific for several conserved epitopes following infection, including HLA-DR0401-restricted HA 393-412 , DR0701-restricted HA [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] and HA 309-424 and DR1101-restricted HA 121-140 . The overall dynamics were similar to those of T cells specific for unique epitopes. However, the peak frequencies of T cells specific for conserved epitopes were generally much lower (typically ~15 cells per million CD4 + T cells). Taken together with our observation that T cells specific for unique epitopes were present at frequencies in the periphery that were typically lower than conserved epitopes prior to exposure to virus, it appears that T cells specific for unique epitopes may expand more extensively than T cells specific for conserved epitopes in response to infection with H1N1/09.
Expansion of influenza-specific naive and memory T cells after vaccination
In naturally infected patients, we observed elevated frequencies of T cells specific for unique H1N1/09 epitopes and more modest frequencies of memory T cells specific for conserved epitopes. We next examined the frequency and phenotype of T cells specific for these unique and conserved H1N1/09 HA epitopes in healthy subjects before and <30 days after vaccination. Eight non-exposed healthy volunteers (six individuals with DR0401, DR0701 or DR1101 haplotypes and two subjects that were heterozygous for these alleles) were recruited ) before and after vaccination, measuring the frequencies of these epitope-specific T cells simultaneously. The average frequencies of T cells specific for unique and conserved epitopes were low prior to vaccination (Fig. 4A and B) . After vaccination there was a modest but significant increase in the frequency of T cells specific for unique epitopes (10 ± 6 and 25 ± 23 per million for pre-and post-vaccination, respectively, a 2.5-fold increase, paired t-test, P < 0.05), but no significant increase (10 ± 9 and 15 ± 18 per million for pre-and post-vaccination, respectively, 1.5-fold increase, paired t-test, P = 0.27) in the frequency of CD4 + T cells specific for conserved epitopes. As depicted in Fig. 4A , the frequencies of T cells specific for unique epitopes observed in infected subjects were 11-fold higher than the naive frequencies seen in unexposed subjects (107 ± 60 per million, a highly significant increase over the baseline, Student's t-test, P < 0.01). As depicted in Fig. 4B , T cells specific for conserved epitopes in infected subjects were 2.6-fold higher than the baseline memory frequencies (25 ± 16 per million, a significant increase over the pre-vaccination baseline, Student's t-test, P = 0.027). These differences suggest that the expansion of HA-specific T cells after vaccination may be modest compared with the expansion of HA-specific T cells after natural infection for unique epitopes (11-fold higher than baseline after infection versus 2.5-fold expansion after 
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vaccination) but fairly similar for conserved epitopes (2.6-fold higher than baseline after infection versus 1.5-fold expansion after vaccination). However, because T-cell frequencies vary with time after vaccination or natural infection, these apparent differences in T-cell expansion may be confounded by variations in the timing of the samples. A lack expansion of T cells specific for conserved epitopes after vaccination could indicate that these epitopes are not immunodominant. To investigate this possibility, we next examined the frequency and phenotype of T cells specific for an immunodominant H3HA epitope in seven subjects with DR0401 and DR0101 haplotypes. These subjects were recruited for a pre-vaccination blood draw and then vaccinated intramuscularly with Fluzone (which contains A/ Uruguay/716/2007, an H3N2 strain). The frequencies of DR0101-H3HA 306-318 -or DR0401-H3HA 306-318 -specific T cells were determined using ex vivo tetramer analysis. As expected, the frequencies of H3HA 306-318 -specific T cells before vaccination were relatively high in these subjects (76 ± 60 per million CD4 + T cells, Fig. 4C ), presumably due to repeated vaccination and/or natural infection. After vaccination, there was a modest increase in the frequency of these T cells (1.9-fold, from 76 ± 60 to 110 ± 49 per million, a significant increase over the pre-vaccination baseline, paired t-test, P < 0.05). These results indicate that T cells specific for immunodominant epitopes occur at high frequencies but expand modestly in the periphery after vaccination. Therefore, modest expansion in response to vaccination may be a trait that is exhibited by HA-specific memory T cells regardless of their initial frequency or relative immunodominance.
Surface phenotype and cytokine secretion of H1N1/09 HA-specific T cells
Although protective immunity to influenza A virus is primarily mediated by neutralizing antibodies, CD4 + T-cell responses play an important role in the generation of humoral immunity and direct cellular antiviral immunity is correlated with protection. It can be expected that these important effects would be influenced by the effector functions of the responding T cells (25, 26) . To directly analyze the polarization of H1N1/09 HA-specific T cells, tetramer + T cells were enriched and analyzed ex vivo for expression of surface markers that correlate with T h 1, T h 2 and T h 17 phenotypes. Figure 5A depicts representative results for an infected subject sampled 11 days after diagnosis. At this time point, this subject's H1N1/09 HA-specific CD4 + T cells had a distinct memory (CD45RA-) phenotype, with a large proportion expressing high levels of CD38, an activation marker for memory CD4 + T cells. Approximately Over time, the level of activation for these memory T cells declined steadily, reaching 50% after 2 months and slowly decreasing to 30% after 5 months. HA-reactive T cells in multiple subjects were found to be CCR6
-(data not shown) suggesting that responses were not T h 17 polarized, at least in the periphery.
To correlate the implied polarization of HA-reactive T cells (based on their cell surface phenotype) with actual effector function, H1N1/09 HA-specific T cells were expanded in vitro, re-activated in tetramer coated plates and analyzed for cytokine secretion. In agreement with the observed expression of CXCR3, these cells predominantly secreted IFN-γ with virtually undetectable levels of IL-4, IL-2 and IL-13 (Fig. 5B) . Occasionally, low levels of IL-10 and IL-5 secretion were observed. A similar T h 1 cytokine profile was also observed for vaccinated subjects (data not shown).
Discussion
H1N1/09 is a recently emerged influenza strain with an HA protein sequence that differs significantly from that of strains that had previously circulated (18, 19) . The arrival of this strain in our region provided an opportunity to investigate CD4 + T-cell responses to this novel strain prior to and following widespread exposure in our study population. Hoping to + T cells specific for H3HA epitopes, including DR0401/H3HA 306-318 , DR0404/ H3HA 306-318 and DR0101/ H3HA 306-318 , in unexposed subjects and vaccinated subjects. * denotes P ≤ 0.05 and ** denotes P ≤ 0.01. + T cells (left panels) for a representative naturally infected subject sampled 11 days after diagnosis was analyzed by multicolor flow cytometry. The intracellular proliferation marker Ki-67 (last panels) was analyzed 17 days after diagnosis. The percentages of tetramer + cells are indicated in the upper corners of the FACS plots. (B) Cytokine profiles of H1N1/09-specific T cells. Antigen-specific T cells were expanded from PBMCs in vitro, verified by tetramer staining, and restimulated overnight in plates coated with the corresponding tetramers (or a negative control). Antigen-specific cytokine secretion into the supernatant was measured using a 7-plex T h 1/T h 2 MSD plate. The data shown are from four representative subjects. 
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differentiate responses to H1N1/09 from pre-existing memory responses to previously circulating influenza strains, we first sought to identify strain-specific epitopes within the HA protein of H1N1/09. As expected, we identified a number of CD4 + T-cell epitopes, including multiple unique epitopes from the low-homology regions of the HA protein and conserved epitopes that were present in various influenza strains that had circulated in previous years (Table 1) . We then utilized recently developed ex vivo tetramer methodology to directly examine the frequency and phenotype of T cells specific for HA epitopes. As reported in our recent anthrax study, this approach can reliably measure the frequencies of epitopespecific T cells in the naive repertoire of unexposed subjects by labeling and enriching epitope-specific cells in a highly specific fashion (24) . Our subjects were self-reported as having no H1N1/09 exposure or symptoms of influenza infection, but our experimental design did not permit serological testing to confirm lack of exposure to the pandemic H1N1 strain. Therefore, in principle, it is plausible that some of these subjects could have been infected but asymptomatic. However, based on the timing of our experiments (the work was conducted early in the first phase of the pandemic) and the non-activated phenotype of the strain-specific T cells, we expect that our results accurately reflect immune status prior to exposure to the pandemic H1N1 virus.
In our population of unexposed subjects, we observed low but measurable frequencies of H1N1/09-specific T cells. These HA-specific T cells were CD45RA + and typically expressed CCR7 and CD27, strongly suggesting a naive phenotype. In contrast, T cells that recognized conserved epitopes were CD45RA -, suggesting a memory phenotype. The naive frequencies of T cells specific for two of the unique epitopes (HA/09 265-284 and HA/09 161-180 ) were low (~4 cells per million), whereas the third (HA/09 257-276 ) was similar to that of T cells specific for conserved epitopes (~20 cells per million). In subjects with H1N1/09 infection, the frequency of these H1N1/09 HA-reactive T cells expanded to ~100 cells per million. Although measured in different subjects, the absolute frequency of H3HA 306-318 -specific CD4 + T cells was comparable to the frequencies of H1N1/09 HA-specific T cells found in infected patients (110 ± 49 cells per million versus 107 ± 60 cells per million, respectively). This similarity suggests that these unique HA epitopes may also be immunodominant epitopes.
In non-exposed subjects, the frequencies of T cells specific for unique epitopes were generally lower than those of T cells specific for conserved epitopes. However, T cells that recognized the unique epitopes were present at significantly higher frequencies than T cells specific for conserved epitopes in subjects that were exposed to H1N1/09 by natural infection (or vaccination, but to a lesser extent). Thus, our results suggest that naive T cells that recognize unique epitopes expand to a much greater extent than memory T cells that recognize conserved epitopes. These observations agree with those of Martin et al. (27) , who observed that naive CD8 + T cells undergo greater expansion and generate higher numbers of long-lived memory T cells than memory T cells co-transferred into the same recipient. It has been observed that repeated antigen stimulation affects both the gene expression and function of memory T cells. Key differences in the expression profiles of naive and memory T cells may account for the reduced expansion of memory T cells, as compared with naive T cells (28) . It has also been demonstrated that memory CD4 + T cells can exhibit anomalous signaling pathways (lack of the T cell-specific ZAP-70 kinase phosphorylation and alterations in CD3ζ-associated proteins) when compared with naive and effector CD4 + T cells (29, 30) . As such, it could be argued that these T cells have a reduced intrinsic proliferative capacity. At the same time, the lack of expansion of conserved HA epitope-specific memory T cells could simply indicate that these epitopes are sub-dominant or cryptic epitopes, as T cells specific for these epitopes are present at low frequencies in the memory repertoire at baseline and these frequencies do not increase after vaccination. This lack of expansion is in contrast to influenza memory T cells specific for conserved M1 and NP epitopes, which are present at high frequencies that increase significantly after vaccination (data not shown).
Previous studies, including an influenza challenge study, have demonstrated that the frequency of pre-existing CD4 + memory T cells that recognize conserved M1 and NP epitopes is correlated with disease protection (17) . In contrast, after heterologous challenge, higher overall T-cell frequencies were correlated with increased viral shedding and symptoms. Taken in this context, our results raise the possibility that existing HA-specific memory CD4 + T cells may provide only minimal protection from heterologous influenza infection based on their modest frequencies and lack of expansion. The observed increase in the number of HA-specific T cells following vaccination and natural infection is apparently due primarily to the expansion of naive T cells that recognize unique epitopes within the heterologous virus. It could be speculated that the degree of expansion may correspond to viral load, as T-cell frequencies were much higher in naturally infected subjects (reaching levels of 100 cells per million, roughly a 10-fold increase) than in vaccinated subjects (reaching levels of 25 cells per million, roughly a 3-fold increase). However, it was not feasible to assess viral load in our study. In the setting of both natural infection and vaccination, T cells that recognize unique H1N1/09 HA epitopes expanded to a greater extent compared with T cells that recognized the crossreactive conserved epitopes. This would agree with a recent study (31) , which documented higher increases in influenzaspecific CD4 + T cells in response to H1N1/09 vaccination (4.6-fold increase) than in response to the seasonal vaccine (2.7-fold increase). These observed changes in frequency (both in our study and that of Schmidt et al.) must be interpreted with the caveat that all observations were obtained using peripheral blood samples. T-cell numbers could very well be higher in certain tissues, as antigen-specific T cells are often retained in primary-infected tissues and their draining lymph nodes (32) . However, we expect that the relative proportions of T cells that recognize unique and conserved epitopes would probably be similar.
The naive frequencies of H1N1/09-reactive T cells ranged from 4 to 20 cells per million total CD4 + T cells. In a previous study, we observed that T cells specific for the protective antigen of Bacillus anthracis had naive frequencies ranging from 0.1 to 10 per million total CD4 + T cells (24) . The frequencies observed for these HA-specific T cells, although somewhat + T-cell responses to 2009 H1N1 influenza higher, are similar in magnitude. In our anthrax study, we observed that anthrax-reactive T cells could expand >60-fold after vaccination. In contrast, the average increase was <3-fold after H1N1/09 vaccination and only 11-fold after infection. These differences could suggest that the H1N1/09 virus is less immunogenic than B. anthracis or that the current influenza vaccine is less effective than the anthrax vaccine. However, the vaccination schedule for anthrax includes five doses (plus recommended annual booster doses), whereas the vaccinated subjects in the present study received only a single dose of the H1N1/09 vaccine. Therefore, it could be expected that repeated administration of the H1N1/09 vaccine over time might increase the frequency of these influenza-specific T cells to a higher magnitude.
Longitudinal analysis in naturally infected subjects indicated that T-cell frequencies declined modestly during the first 2 months after diagnosis and then had a more pronounced decline in subsequent months (Fig. 3C) . However, for logistical reasons, our earliest samples were typically at least 2 weeks after initial virus exposure. It is possible that the peak of the T-cell response could have occurred during the first 2 weeks since previous studies indicate that viral shedding typically lasts for only 1 week (33, 34) . Due to similar technical constraints, the timing of our analysis of vaccinated subjects also varied. As such, the observed differences in T-cell expansion may be confounded by variations in timing. It is also possible that our observations were influenced by the important limitation that only peripheral blood could be interrogated. T-cell frequency and phenotypes could differ significantly between the periphery and relevant tissues such as the lung and lymph nodes. Influenza-specific T cells can be maintained by residual antigen in lymph nodes and infected tissues, driving proliferation even after viral clearance. Indeed, it has been demonstrated in animal studies of influenza infection that residual antigen presentation is sufficient to prime and expand naive influenza-specific CD4 + and CD8 + T cells (32, 35, 36) . More recently, it was demonstrated that secondary effectors accumulate in significant numbers in the infected lung following influenza A infection (37) . In spite of these caveats, we observed that H1N1/09-specific CD4 + T cells were almost exclusively CXCR3 + regardless of the time elapsed after vaccination or infection (Fig. 4A ) indicating a T h 1 lineage. This is consistent with observations from animal studies (38, 39) and one human study (7) indicating that effective anti-viral immunity is correlated with T h 1 responses and suggesting that cytokines from T h 1 cells are sufficient for providing help in differentiation of B cells into IgG-producing cells. As expected, H1N1/09 HA-specific T cells that expressed CXCR3 predominantly secreted IFN-γ in an in vitro re-stimulation assay (Fig. 4B) . Recent studies have noted early T h 17-type responses in critical H1N1/09 cases (13) , some suggesting that T h 17 effector functions enhance the persistence and immunopathology of viral infection (36, 40) . We did not observe any evidence of H1N1/09 HA-specific T h 17 cells. However, cells with a T h 17 phenotype could have been present at earlier time points than those that were sampled in this study or could be confined to primaryinfected tissues and lymph nodes.
In summary, in this study, we characterize CD4 + T-cell responses to H1N1/09 influenza epitopes in human subjects.
The emergence of the H1N1/09 virus allowed us to independently assay for the first time the expansion of CD4 + T cells that recognized either unique or conserved HA epitopes in both infected and vaccinated human subjects. The relatively modest expansion of T cells directed against the conserved HA epitopes either after vaccination or infection may indicate that these HA-reactive memory T cells offer minimal protection from heterologous infection. Naive T cells specific for H1N1/09 unique HA epitopes expanded more robustly than memory T cells specific for conserved epitopes, both after natural infection and vaccination. Although our study offers no direct evidence that these robust naive responses were actually protective, these HA-specific T cells were consistently CXCR3 + and secreted IFN-γ. Therefore, it is plausible that these cells may provide some benefit through secretion of T h 1 cytokines. On the basis of our findings and other recent reports, we suggest that heterologous protection against influenza infection is most likely to be mediated by T cells specific for conserved internal proteins such as M1 and NP.
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